Global warming is inducing sea ice retreat, which is opening new shipping routes and extending the accessible area for resource exploration. This encourages an increasing research interest in sea ice behaviour. With the sea ice melting, level ice is broken up by waves propagated from the open ocean, resulting in an environment where both floating ice floes and waves exist. Such wave-ice interaction can bring significant influences on the potential human activities. This work presents a series of numerical simulations to predict the behaviour of a circular ice floe forced by regular waves, with different wavelength and wave amplitude conditions being investigated. The numerical model was validated against experiments, and it revealed good accuracy in predicting the rigid body motion of an ice floe, including some extreme cases that are difficult to model by previous methods. Two specific behaviours were observed during the numerical simulations, namely overwash and scattering. Both behaviours are discussed in detail to analyse their linear/nonlinear effect on the ice floe motion. The applied model could be used to provide valuable estimations for Arctic engineering purposes.
Introduction
With global warming, the sea ice extent in the Arctic is reducing quickly. Satellite images have observed its summer minimum to have decreased by approximately 12% per decade [1] , Predictions suggest that within the next decades the effects of global warming will transform the Arctic into a seasonally navigable ocean and provide increased impetus for extensive exploration for oil and gas reserves [2] .
The effects of ice reduction on human activities in the Arctic can be more complex than anticipated. Rather than providing a pure open ocean environment, the melted ice cover can result in numerous ice floes floating on the sea surface [3] . Such a transition between open ocean and level ice coverage is known as the Marginal Ice Zone (MIZ), in which the extensive human activities are expected to carry out [4] . Thus, research interest has been raising in studying the mechanism of the MIZ and predicting its potential influence on Arctic engineering.
In the MIZ, the waves coming from the open ocean can induce the movement of a solitary ice floe and further lead to the behaviours of multiple ice floes, such as collision [5] , herding [6] and rafting [7] . Meanwhile, the incoming waves can be scattered by an ice floe to cause directional spreading or attenuated by a group of ice floes [8] . Under the effect of wave wash and floe-floe collisions, the shape of ice floes in the MIZ tends to be circular, also known as pancake ice, and the diameter of the ice floe is much smaller than the dominating wavelength [9] .
Although the ultimate goal of relevant research is to predict the influence of the above processes on maritime activities, to date, only few experimental works have considered the coupling wave-ice effect on a ship [10, 11] or a cylinder [12] .
Previous studies of the MIZ focussed on the full understanding and accurate modelling of the wave-ice interaction [13, 14] . Based on the long wavelength and small amplitude waves that are common in the MIZ, both experimental and theoretical models usually consider the ocean waves to be regular waves, and the ice floe is assumed to be rigid according to its small dimension.
Meylan et al. [15] conducted wave tank experiments to investigate the wave-induced motions of a solitary floating disk. They recorded the movement trajectory of the disk and decomposed it into six-degrees-of-freedom (6-DOF) motions. Alongside drifting with the wave flow, the disk was found to undergo oscillatory motions at the same frequency as the incident waves. They also observed wave scattering when the dominating wavelength is less than twice of the disk diameter and found the scattering can reduce the motion amplitudes of the disk. However, they used a barrier around the edge of the disk to prevent overwash, i.e. wave running over the top of the disk surface. Based on the findings of Meylan et al. [15] , Yiew et al. [16] carried out further experiments to study the influence of overwash on the disk motions, by comparing the motions of two disks, with and without the edge barrier. They found overwash tends to happen with short wavelengths or large wave amplitudes and has a suppression effect on the disk motions.
On account of the high costs in experimental attempts, theoretical models have been developed to provide convenient solutions. Grotmaack and Meylan [17] applied a slope-sliding model to predict the wave-induced surge motion of an ice floe. The model assumes the floe does not affect the incoming wave field, so it is not applicable in a short-wave condition where scattering is expected to happen. Meylan and Squire [18] and Montiel [19] developed a linear potential-flow/thin-plate model that includes the wave field surrounding the floe due to scattering. It can predict the wave-induced surge, heave and pitch motions of an ice floe. After validated against experiments of Yiew et al. [16] , this model was shown to be accurate as long as no visible overwash occurring. Overwash has been observed to be a highly non-linear process that can induce an irregular wave field [20] , so it is hard to be properly included in a linear model and brings about inaccuracy that may not be neglected. Although Skene et al. [21] incorporated the nonlinear shallow water equations with the linear potential-flow/thin-plate model to predict the depth of the overwash water, their method is based on one-way coupling, i.e. no back coupling from overwash to predict the surrounding fluid domain or the ice floe motions.
Due to the very small freeboard of sea ice, overwash is a highly frequent phenomenon in the Arctic, while a gap remains on accurately modelling it and studying its role in wave-ice interactions. A remedy to this can be using the Computational Fluid Dynamics (CFD) technique to numerically solve the nonlinear Navier-Stokes equations, by which it is possible to obtain a fully-matched solution between the fluid domain and the floating body movement. The wave-ice interaction including overwash is similar to the combination of two common CFD applications: (a) wave response of a floating body (b) green water load. To both of them, related CFD methods have been well applied [22] , so technically it is possible to build a CFD model to simulate such a wave-ice interaction. Another reason to apply the CFD method is that it would be easy to use complex geometry files to study the coupling wave-ice effect on offshore structures, such as a ship or a platform.
The above discussion only contains the situation of a solitary ice floe. Although experimental/theatrical works have been conducted on the wave interaction with multiple ice floes, e.g. collision [23] and attenuation [20] , the same issue of overwash is also unresolved. Therefore, the current work first focuses on building a valid CFD model to simulate the wave interaction with a solitary ice floe, which will be the foundation to future extended models of multiple ice floes or wave-ice-structure coupling.
In this work, the CFD code Flow-3D [24] was employed to build a three-dimensional model, where a floating circular ice floe is subjected to incident regular waves generated by a numerical wavemaker, as illustrated in Fig. 1 . A series of simulations was conducted to capture the surge, heave and pitch motions of the disk in different wavelength and wave amplitude conditions. Validation was conducted against the experiments of Yiew et al. [16] to show the accuracy of the present model and compare it with previous methods. Subsequently, wave overwash and scattering were demonstrated and their effects on the ice floe motions were investigated in detail. Fig. 1 : Schematic of the case: a circular ice floe is freely floating on the water surface and subjected to incoming regular waves generated by a numerical wavemaker, where the surge, heave and pitch motions are its main hydrodynamic responses.
Numerical Approach 2.1 Governing Equations
The solution of the fluid domain was obtained by solving the Reynolds-averaged Navier-Stokes (RANS) equations for an incompressible Newtonian fluid, as expressed in Eqn. (1) and (2) .
where v is the time-average velocity vector (u, v, w), v is the fluctuating one, ρ stands for the density, p denotes the pressure, τ = µ[∇v + (∇v) T ] is the viscous term, µ is the dynamic viscosity and g is the gravitational acceleration. As the RANS equations have considered the turbulent fluid, the renormalization-group k − ε model [25] was adopted to close the equations. The reason to choose this turbulence model is that it is suitable for predicting the complex turbulent and curving flow, which is expected to occur during a complicated wave-ice interaction.
The free surface between the air and water was modelled by the Volume of Fluid (VOF) method [26] . The VOF method introduces a scalar α, which denotes the fractional volume of a cell occupied by a specific phase. In this case, a value of α = 1 corresponds to a cell full of water and a value of α = 0 indicates a cell full of air. Thus, the free surface, which is a mix of these two phases, is formed by the cells with 0 < α < 1. The elevation of the free surface as a function of time is obtained by the advection equation of α, as expressed in Eqn. (3) . For a cell containing both air and water, its density and viscosity are determined by a linear average of both the fluids, according to Eqn. (4) and (5).
In this study, ρ water = 1000kg/m 3 , µ water = 1 × 10 −3 N · s/m 2 ; ρ air = 1kg/m 3 , µ air = 1.48 × 10 −5 N · s/m 2 and g was set as 9.81 m/s 2 . 
Computational Domain and Boundary Conditions
As shown in Fig. 2 , a three-dimensional cuboid computational domain was established, defined by the earth-fixed Cartesian coordinate system O − xyz. The (x, y) plane parallels the undistributed water surface, and the z-axis is positive upwards. The computational domain is 2 m wide and 1 m high, and its length is five times of the target wavelength (λ). A no-slip wall condition was applied to the boundary z = 0 to model the presence of the seabed, and a static pressure condition was defined to the top boundary to account for the atmosphere. The domain was filled with water to a depth of h = 0.83m, and the water surface was initialised as still.
The inlet boundary was set at x = 0, where regular waves are continuously generated and propagating towards the positive x-direction, by prescribing the free surface elevation and velocity components according to the linear Stokes wave theory [27] :
where η is the free surface elevation, H is the wave height, T is the wave period, k is the wave number and ω is the angular frequency. For the wave properties, H and T are given in advance, and the wavelength (λ = 2π/k) was solved by the dispersion relation:
To model an open ocean environment, wave reflections should be avoided at the outlet. This was achieved by placing a wave absorption zone in front of the outlet boundary at the maximal x position. The length of the wave absorption zone is set as one wavelength of the incident wave. Inside the wave absorption zone, an artificial damping term [28] was added to the right hand side of Eqn. (2), evolved into:
where β is a damping coefficient in units of s −1 . It linearly increases along wave absorption zone, following Eqn. (11) . v s is the background stream velocity that is exempted from damping, which was set at 0 since the incident waves are without current speed. Subsequently, the zero-gradient condition was applied to the outlet and other boundaries.
Ice Modelling and Wave Conditions
For the purpose of validation, the ice and wave parameters set in this study follow an accordant manner with the experiments of Yiew et al. [16] . As shown in Fig. 3 , two rigid disks, with and without an edge barrier, were employed to model ice floes, named as Disk B and Disk NB respectively. The edge barrier attached on Disk B can prevent waves from flowing onto the upper surface of the disk, so that the influences of overwash can be investigated by comparing the wave response of the two disks. The density of the disks was set at 636 kg/m 3 .
Each disk was initialised as floating on the undistributed water surface, with its mass centre locating at two wavelengths away from the inlet in the x-direction, the middle section of the y-direction and its buoyancy-gravity equilibrium position in the z-direction. The tested wave conditions cover a wavelength from λ = 0.69 ∼ 4.91m combined with a wave amplitude of a = 10 ∼ 40mm. For each single wave condition, the two disks were put into the CFD model separately. 
Ice Floe Motions
With the generated waves continuously propagating from the inlet to the outlet, the disk is expected to leave its initial equilibrium position and move with the incoming waves. No artificial restraint was applied to the movement, so the disk was allowed to move freely. The wave-induced movement of a disk can be considered as the combination of translation and rotation, which was solved with the rigid-body motion equations in the body-fixed system based on the mass centre of the disk G − x y x , as expressed in Eqn. (12) and (13) .
Where F and T are the total force and torque on the disk, induced by its gravity and the hydraulic load from surrounding fluid F h , as expressed in Eqn. (14); m and [J] is the mass and inertia moment tensor of the disk, and − → V G and − → ω G are the translational and rotational velocity vectors of the disk.
Computational Method
The Finite Volume Method [29] was applied to obtain the solution of the fluid domain over a certain time duration. The process includes two types of discretisation, in space and time respectively. In space, the computational domain is divided into a set of non-overlapping cells, known as a mesh; in time, the temporal dimension is split into a finite number of timesteps. For a single timestep, the solution of the governing equations can be obtained in each cell (e.g. v, P, α), and the whole fluid domain can be integrated by the solution of all cells. Then, the fluid domain over a certain time duration is the composition of the fluid domain at each timestep.
In this study, the computational domain was divided into a hexahedral mesh, as shown in Fig. 4 . Local mesh refinements were applied at the free-surface area and the area where the disk is expected to move. The cells around the floating disk are partially blocked by the disk volume, and the blockage is described by fractional cell volumes and areas on cell sides [30] . The blockage updates after each timestep to satisfy a two-way fluid-structural coupling.
The size of each timestep was determined by a prescribed value, Courant number (C):
where ∆t is the timestep size, u/∆x is its normal velocity divided by the distance between the cell centre and the neighbour cell centre. For every timestep, there exists a maximal u/∆x value in the domain, and ∆t can be calculated by the product of that value and C. This allows an optimal ∆t being selected according to the transient fluid state. The value of C was given as 1 in this study. 
Data Processing
With the waves continuously being generated and propagating, a regular wave field gradually forms in the domain, and after that, the disk is expected to conduct periodic motions with stable incoming waves. This indicates the simulation has entered its steady state, and valid data were taken only after the periodic motions begin.
The wave-induced disk movement was decomposed into 6-DOF motions for analysis. As the incident waves are unidirectional, the wave-induced movement of a disk is basically within the x − z plane, composed by translational motions along the x-axis and z-axis, alongside a rotational motion along the y -axis, i.e. surge, heave and pitch. The surge is a combination of a harmonic oscillation with a drift, while the heave and pitch are just harmonic oscillations. These harmonic oscillations were induced by the elliptical wave motion, while the drift was forced by the wave celerity.
To investigate the relationship between the disk motions and incident waves. The surge, heave, pitch amplitudes were calculated and compared with the corresponding wave motion amplitudes through the Response Amplitude Operators (RAOs). After the drift was eliminated, the surge amplitude (a s ) was calculated as half the difference between the average peak and trough values of its oscillation, and the heave amplitude (a H ) and pitch amplitude (a P ) were calculated through the same procedure. Subsequently, the motion amplitudes were used to obtain the RAOs, following:
RAO pitch = a P ka
Mesh Sensitivity Test
As the computational cost increases with the cell number, mesh sensitivity tests aim to get an accurate solution with as few cells as possible. In this work, two tests were conducted. The first test was to verify the quality of wave generation 
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and propagation. For the large wavelength and small amplitude waves that are of interest, at the free surface area the mesh density is sensitive in the vertical direction. Therefore, the cell number per wave height (M) was varied to see the influence on generated waves. For the mesh density in the wavelength direction, 100 cells per wavelength were always used. In the wave tests, the floating disk was taken away and replaced by a probe to record the free surface elevation. Fig. 5 presents the recorded free surface elevation at different M values, alongside the ideal value. Based on the test, M = 15 was chosen to generate the mesh around the free surface, as the wave field obtained at this density was very close to the target. The second test was conducted to secure an accurate solution of the disk motions. The mesh density was globally scaled, and four sets of mesh were produced, consisting of 570k, 770k, 970k and 1.25M cells respectively. The RAOs of the disk were calculated with the four meshes respectively, and the results are shown in Fig. 6 . It shows the RAOs converge to stable values with the cell number increased, and the convergent RAO values are close to the experimental data of Yiew et al. [16] . The cell number of 970k was selected, as further increasing the cell number did not effectively improve the results. This set of mesh corresponds to around 40 cells per disk diameter (D) and 6 cells per disk thickness. 
Results and Discussion 3.1 Validation
The CFD model was validated against the experiments conducted at the University of Tasmania [16] . For the simulations at different wavelength and amplitude conditions, computational results include the surge, heave, pitch RAOs of both Disk B and Disk NB. The comparison between the computational results (CFD) and experimental data (Exp.) is presented in Fig.  7 , as a function of non-dimensional incident wavelength (λ/D). For error analysis, the deviation between the two results was calculated as: Overall, the CFD model demonstrates a good agreement with the experiments in predicting the disk motions. For surge, heave and pitch, the mean deviations are 2.4%, 2.5% and 2.8% respectively. The deviation does not vary significantly at any specific wavelength or amplitude regime. This is because the mesh density of each simulation was set according to the incident wave condition, rather than a constant size. As the deviations are slight and there is no obvious over/underestimate trend identified, the deviations can be considered as the uncertainty of numerical calculation [31] or experimental measurement, which means the applied CFD approach is reasonable and accurate. 
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difficult to predict the motions of Disk NB. For example, for the RAOs predicted by the potential-flow/thin-plate model, the average deviations for the three motions are 1% 4% for Disk B but increase to 4% 7% for Disk NB [16] . The reason for this difference is the existence of overwash with Disk NB. The study of Bennetts and Williams [20] also indicates that the presence of overwash causes considerable inaccuracy to their prediction models. Overwash has been found to be a highly nonlinear process [21] , so it is unlikely to be included in a linear model. Even for a fully nonlinear CFD model, the method to model the free surface should be carefully chosen. For example, the free surface can also be considered as single-phase by enforcing the free surface boundary conditions on it [32] . This method is not applicable in an overwash situation, where the overwash water can be discontinuous on the floating body [20] , so it can no longer be treated as a continuous boundary. Therefore, a two-phase modelling via the VOF method is recommended to handle the overwash problem. Moreover, using an appropriate turbulent model is also of importance, since turbulent flow has been observed when strong overwash happening [21] . 
Overwash
Overwash was observed in the simulations of Disk NB. The extent of overwash generally gets stronger with a larger wave amplitude or a smaller wavelength. From weak to strong, two types of overwash were identified, named partial overwash and full overwash. Both are presented in Fig. 8 . The process of partial overwash is shown in (a) and (c): water only washes over the head and tail areas of the disk; full overwash is shown in (b) and (d): water flows through the upper surface of the disk.
Since overwash was prevented by the edge barrier of Disk B, the influence of overwash was investigated by comparing the wave response of Disk B and Disk NB. Fig. 9 shows the RAOs of both the disks, together with the observed overwash type. Data were selected from the largest wave amplitude group (a = 40mm) and in short-wave conditions, where overwash was most obvious. Overwash was inconspicuous in a long-wave condition (when λ/D > 3). It can be seen that Disk NB generally has smaller RAOs than Disk B. RAO difference between the two disks is most significant for the heave and least for the surge. For surge and heave, the RAO difference increases with a stronger overwash. This results from the load of the overwash water on top of the disk, which suppresses the transitional movement of the disk. Pitch seems to be unaffected by partial overwash, which means the water at head and tail areas of the disk may provide rotational torque, acting as an offset to the extra water load. In contrast, full overwash can suppress pitch notably.
The influence of wave amplitude on overwash is presented in Fig. 10 , where only heave RAO is presented since surge and pitch reveal similar trends. It shows the RAO of Disk B is insensitive to wave amplitude. For Disk NB, its RAO is insensitive to wave amplitude when partial overwash occurs. However, when full overwash appears, the RAO decreases obviously as wave amplitude increases. This is because a larger wave amplitude increases the water depth above the disk, which can enhance the suppressing effect. The fact that the RAOs vary with wave amplitude signifies the nonlinearity of overwash. In the linear theory, the RAOs should be constant values for a single wavelength, but the result indicates such a theory is not applicable when notable overwash occurs. 
Wave Scattering
The disks were observed to reveal varying wave-ice interactions with the incident wavelength changed. When a disk is subjected to long waves, it hardly influences the wave transmission. By contrast, in short waves, a disk can scatter the incoming waves, which generates directional-spreading waves surrounding the disk and influences the transited waves. Examples are shown in Fig. 11 , where Disk B is presented, in order to eliminate the distraction of overwash. In a long-wave condition, wave scattering is not obvious, and the waves are nearly intact after passing through the disk, as shown in Fig. 11  (a) . At a shorter wavelength, wave scattering becomes visible, while the waves can still transit with the incident amplitude, except the part right behind the disk is distorted, as shown in Fig. 11 (b) . For even shorter waves, a stronger scattering can be observed, and the transited waves are significantly attenuated, as shown in Fig. 11 (c) .
The disk motions are related to the scattering phenomenon. As shown in Fig. 7 , in the long-wave regime (λ/D > 3), wave scattering is negligible and the RAOs are close to one, which means the disk approximately moves at the same amplitude of the incident waves, agreeing with the fact that the wave transmission is unaffected. In the short-wave regime (λ/D < 3), the RAOs start to decrease rapidly with the scattering becomes stronger, since the scattering can attenuate the incident waves so that the disk motions cannot be induced at the original wave amplitude.
Although both scattering and overwash have been found as sources to deform the incident wave and can reduce the disk RAOs, they reveal different relationships with the incident wave amplitude. As shown in Fig. 10 , for Disk B, where only scattering occurs, the RAO is insensitive with a changed incident wave amplitude, which suggests a linear effect of scattering on the disk motions. However, for Disk NB, overwash has shown obvious nonlinearity on the disk motions. This explains why the linear potential-flow/thin-plate model can predict the RAOs accurately in a scattering condition as long as there is no overwash. 
Conclusions
A CFD model has been introduced to model the interaction of regular waves with a circular ice floe. The ice floe was treated as a floating rigid disk, and it was subjected to waves of large wavelength and small amplitude, according to the common environment in the MIZ. Relevant numerical theories and approaches have been presented in detail.
Based on Flow-3D, a series of simulations have been conducted to investigate the behaviour of an ice floe in different wave conditions. The wave-induced surge, heave and pitch motions of an ice floe were presented as RAOs to analyse their relationship with incident waves. The computational results were compared with the corresponding experimental data. A small level of deviation exists in each simulation, which can be considered reasonable and signifies the used approach is valid. The presented CFD approach reveals pleasing capability to simulate the wave-ice interaction including overwash, to which previous models have been reported to be inaccurate.
Two specific behaviours with the wave-ice interaction were displayed within the simulations, namely overwash and scattering. Both tend to happen in a short-wave condition and were found to be significant sources to cause wave dissipation and reduce the ice floe motions. The scattering and ice floe motions were found to follow a linear relationship that is not affected by a changed the wave amplitude, but such a relationship becomes nonlinear when overwash occurs, where a larger wave amplitude can increase the water depth on top of an ice floe, resulting in extra load to suppress the motions.
This work provided a valid CFD model to simulate nonlinear wave-ice interactions. Although the simulations presented are in model-scale for purpose of validation, in principle there is no reason that the approach cannot be applied at fullscale. Moreover, the CFD model can be easily extended to involve multiple ice floes or be incorporated with fixed/floating structures, which could be considered in future work.
